Access control techniques are used to improve traffic performance and safety on highways. One important benefit of access control is improved safety. For a quantitative assessment of the benefits of access control on safety, impact models are needed to predict crash frequencies based on the geometric and access control characteristics of the segments.
INTRODUCTION
The functions of a highway system include providing motorists with mobility on highways and enabling access to surrounding lands. These two functions often conflict with each other. Because arterial streets can be designed to provide some levels of both accessibility and mobility, a variety of access control levels are possible. An arterial can be designed with infrequent access points and with other access control measures such as barrier medians to prevent left-turn and crossing maneuvers. An arterial can also be designed with a low level of access control with many commercial and residential driveways having direct access to the arterial.
In deciding what level of access control to implement, decision-makers need to consider the impacts of access control on traffic performance and safety. Improved safety is one important benefit of proper access management. A reduction in the number of individual access points or improvements to access points such as the addition of a twoway left-turn lane may help reduce the number of crashes on the arterial. In order to evaluate the possible benefits of access control, impact models to predict crashes based on road geometric and access control characteristics need to be developed. The presented research is a part of a project aimed at developing a procedure for evaluating alternative access control solutions on existing and new arterial streets for Indiana Department of Transportation (INDOT). The impact models, such as the one presented in this paper, are important components of the project.
Several previous studies have indicated that access control has a positive effect on safety. Lall et al. (1996) , studying a 29-mile corridor of the Oregon Coast Highway 9 (US 101), found a relationship between access density and the number of accidents for both rural and urban locations. Gattis (1996) , in a study of 3 segments in a small Oklahoma city, found that the segment with the highest access control had accident rates approximately 40 percent lower than the other two segments. Garber and White (1996) , in a study of 30 sections in Virginia, found that ADT per lane, average speed, number of accesses, left-turn lane availability, average driveway spacing, and average difference in driveway spacing influenced the accident rate for urban principal arterials. Li et al. (1994) , using a database of 163 sections of rural roads in British Columbia, studied the effects of geometric characteristics and access control on accidents. They classified access points into four major categories: unsignalized public road intersection, business access, residential access, and roadside pullout. They found a correlation between access density and accidents for all four categories with public road intersection density having the greatest influence on accidents. The results of these studies indicate that access control can help reduce the number of crashes. However, crash models based on sections in Indiana are desirable since local factors can influence safety.
One common access control technique involves the use of medians to reduce the influence of left-turning vehicles on through vehicles. Some research has focused on the effects of various median treatments on safety. McCoy and Malone (1989) analyzed urban four-lane roadways in Nebraska to determine if the presence of left-turn lanes at signalized and uncontrolled approaches influenced crash rates. They found that the presence of left-turn lanes led to a reduction in rear-end, sideswipe, and left-turn accident rates for both signalized and uncontrolled approaches. However, they also found that leftturn lanes led to an increase in right-angle accidents for uncontrolled approaches on urban undivided roadways. Squires and Parsonson (1989) , studying four-lane and sixlane roadways in Georgia, developed regression equations to predict accidents for raised median and two-way left-turn lane sections. They found that raised medians generally had lower accident rates than two-way left-turn lanes except in cases where left turns were concentrated in a few areas on the road segment. McCoy et al. (1988) found that the accident rate on sections with a two-way left-turn lane was 34 percent lower than that on four-lane undivided sections.
Some studies have been undertaken to investigate the impacts of access control on safety in Indiana. McGuirk (1973) studied a total of 100 segments from 10 cities in Indiana. He found that the total number of driveways per mile and the number of commercial driveways per mile influenced the number of driveway accidents per mile.
He reported that driveway accidents represented approximately 14 percent of all accidents on the sections. Uckotter (1974) studied 14 urban arterial segments from 5 cities in Indiana. He found that the driveway accident rate increased as the average daily driveway volume and average daily roadway volume increased. He also reported that 33 percent of the accidents on these sections were driveway accidents. The results of these studies indicate some of the factors that may influence driveway accidents in Indiana.
However, models are needed to predict all types of crashes that may occur on arterial segments. In addition, driving conditions and drivers' behavior may have changed since these studies were undertaken.
In the most recent research by Eranky et al. (1997) , crash reduction factors were developed for Indiana roads based on cross-sectional characteristics described in the Road Based on the initial results of the study by Eranky et al. (1997) , it was decided to further investigate the effects of access control on the number of accidents in Indiana. It was decided to incorporate variables such as the density of access points into a safety analysis. The results of this analysis allow for predicting crash frequencies on Indiana road segments from the geometric and access control characteristics.
DATA COLLECTION
In order to develop regression models, two types of data were needed: road segment data and crash data. The multi-lane road sections for analysis were selected in cooperation with INDOT to represent a wide array of geographic locations and levels of access control. Table 1 summarizes the sections used for analysis. These sections were subdivided into 155 segments that were homogeneous with respect to cross section and traffic volume. The information regarding the number of crashes with missing data was used to develop an adjustment factor to account for missing crashes.
The developed software was used to obtain the crash data for the segments in this study. In most cases, crash data for the five-year period from 1991 to 1995 were used.
For a few segments that underwent improvements during the period from 1991 to 1995, crash data for three years were used to ensure that the segments had consistent crosssection characteristics.
STATISTICAL MODELS
Once the crash and segment data were collected, statistical models were developed to predict the number of total crashes, number of fatal and injury crashes, and 
PDO
Number of pdo crashes on the segment.
FATINJ
Number of fatal and injury crashes on the segment.
LEN

Length of the segment (km).
YRS
Number of years.
AADT Annual Average Daily Traffic (thousands of vehicles/day).
ACCESS
Access density (number of access points per km). An access point is defined as an intersection between arterial street and local street or driveway (commercial or residential). Such an intersection does not lead
to a substantial change in traffic volume and cross-section characteristics of the arterial.
SHLDR
Dummy variable to indicate presence of outside shoulder (1 if outside
shoulder is present, 0 otherwise).
SL
Speed limit on the segment (km/hr).
LANES
Number of lanes on the segment. The AADT data were obtained from the RIDB. The segment lengths were calculated from the RIDB using a spreadsheet macro developed by Eranky et al. (1997) . 
COMM
where Y is the expected crash count calculated with Equation (2).
The relative error of estimation expressed in percents is 100α 1/2 . The relative error of estimation for the developed models varies between 102 % and 107 % depending on the model. Although the estimation error seems to be rather large, the R 2 value slightly below 0.5 indicates that the model goodness is comparable to the results obtained is similar studies. The unexplained portion of the sample variance is attributed to the safety factors not included into the models. It should be noted that the missing factors not necessary must be related to access control.
Adjusting the models to account for missing crashes was the last step of models development. The models summary statistics generated from the crash extraction software were used to determine the proportion of missing crashes. Crashes could be missed for several reasons. First, a crash record may contain missing pseudo numbers, distance, or direction. Crashes may also be missed if the pseudo number pair in the crash record corresponds to more than one physical location in the County File. Finally, the crash direction or distance may be coded incorrectly. It was assumed that the loss of a given crash under given circumstances could happen to any crash in the Crash Database with the same likelihood. Thus, a single adjustment factor was developed to account for missing crashes. The adjustment factor was determined based on the 12 counties in this study and 5 years of crash data. 
DISCUSSION OF RESULTS
The three final models have the same structure and contain the following variables: ACCESS, SHLDR, PS, TWLTL, NOMEDO. Based on the model results, the power value γ associated with AADT does not appear to differ significantly from one. It was decided to fix this parameter at one, which means that the crash frequencies are proportional to traffic volume. Models with unrestricted coefficients for LEN and YRS were also tested; these coefficients do not appear to differ significantly from one.
The coefficient of ACCESS is positive, indicating that segments with more frequent access points experience more crashes. This result is expected since the introduction of more access points creates more conflict points.
The coefficient of SHLDR is negative, indicating that the presence of an outside shoulder leads to a reduction in crashes. An outside shoulder may increase drivers' comfort by increasing the traveled way width. In addition, the introduction of an outside The presence of a median with no openings between signalized intersections also leads to a reduction in crashes. In this case, there are no left-turn or crossing maneuvers permitted at unsignalized access points. It should be noted that the analysis has not detected any significant difference in safety between the urban highways with and without median if the median has openings at intersections. This finding has been confirmed with another ongoing study for Indiana (results are not published yet).
The variables PC and PR were tested to determine if the type of access point had an impact on crashes. The variables PC and PR were individually significant but were not significant when both were introduced into the model simultaneously. In addition, the signs of the coefficients for PC and PR were positive. This result indicates that the presence of high-type access points is associated with higher frequencies of crashes. This result contradicts the expectations and requires careful consideration. Channelization and right-turn lanes are more likely to be installed at high-volume access points. When PC and PR are large, the proportion of high-volume access points would also typically be large. More crashes would be expected due to high-volume access points than lowvolume access points. Thus, the variables PC and PR substitute for traffic volume from cross streets -the variable not incorporated into the model due to the lack of data. Thus, the model results for PC and PR seem to indicate the effect of high-volume access points.
It was decided not to incorporate the two variables into the models. 
